One particular laser accelerator is discussed in detail: the Template Laser (LT) Accelerator.
INTRODUCTION
I am the fourth speaker today. My talk follows three excellent review lectures.
On the one hand, that puts me in a somewhat difficult position, because, to avoid repetition, I will have to omit a fair fraction of the material which I prepared for discussion today. On the other hand, since many of the obligatory general topics have already been adequately covered, I can afford the luxury to select, and elaborate on a few of my favorite topics. That is what I will do.
Before coming to those topics though, let me make some introductory remarks.
First of all, I think it is clear that this workshop will not teach us anything we do not already know. After all, Maxwell's Equations and the far field properties of electrons and protons have been known for decades.
This meeting is really like a Rorschach test: everything we will come to recognize, we already see.
How can we speed up this process of recognition?
Like in a Rorsehach test, a new look, a new point of view may help. Here are some suggestions:
I.
Think in terms of Fourier components as opposed to space time coordinates (God surely does).
2~
Think of photons as the building blocks, as the material "stuff" of which the accelerator is to be built. Magnets, 
3.
waveguldes, etc. are merely tools to shape the photons. They play the same kind of auxiliary role as screwdrivers, pliers, and other instruments used to fashion the accelerator. The accelerator is the photon field.
Design principle: maximize the number of parameters to enable us to accommodate constraints imposed by conservation (and other) laws.
WHY HIGH ENERGY ACCELERATORS?
Without them, there will be no progress in elementary particle physics.
The reason was basically given by Heisenberg, who realized that Ax > ~/Ap, so that in order to achieve small space resolution Ax, large momenta p are required.
There is no way around this.
To distinguish details of 10 -16 cm, one needs momenta of order > 10 ~ GeV/c. Now, it is not hard to build an. accelerator which will produce not only this much momentum, but even a thousand times more. For example, I myself can do it by throwing this piece of chalk.
But that does not seem to be satisfactory.
Or could it be? I will not answer that question here.
If you do not know the answer, you may want to think about it for a moment. Figure I shows a classification of possible laser acceleration schemes. 
LASER ACCELERATORS

LASER TEMPLATE (LT) ACCELERATOR
I would like to.take time to talk about one particular proposed laser accelerator, the "Laser Template Accelerator" (LT accelerator) outlined in Fig. 2a . As you will see, according to one proposed design it is a near field accelerator, but, according to another design it is not. 
I II
\.j' This pattern is a holograph, i.e. a pattern which has the property that when the coherent radiation passes through it, it will produce a hologram along the cylinder axis. The hologram, in turn, is a field configuration (remember, a hologram determines not only the intensity, but also the phase) designed to accelerate an electron moving along the cylinder axis.
E L ECTROMAGNE T I C
Before exploring some details, let me point out that the template is the most general optical element, because it controls both the phase and the amplitude for all waves passing through the template, and does this for each point on the template surface.
You may now think that it must be very hard to make templates.
Actually, it is not hard in general.
For example a grating (a simple sequence of dark and light lines) is one particular template which is easy to make. Generally, one can calculate the template properties if the field configuration near the cylinder axis is given.
One can then inscribe it with -say -electron beams. Alternatively, one can produce the hologram by simply recording the holograph of the desired field configuration along the axis.
(One can eliminate the so called "twin image", but I do not want to take time to explain that now.)
What are the expected advantages of the template accelerator?
i.
The fields converge cylindrically on the axis. Therefore, the field intensity at the axis will be of order / R/l r times more than at the template. Here R is the cylinder radius, and I r is the "radial wavelength" of the field configuration (i.e. the period of the appropriate cylindrical Bessel function.
See below.) When l, the wavelength of the coherent radiation, is << R, the field near the axis can be much higher than it is on the cylinder surface.
2.
Since the particle trajectory is in empty space, we can have fields of arbitrary intensity there (except, if mirrors are used: see below).
3.
The very high accelerating fields will produce strong acceleration. The accelerating field con{iguration can have typical dimensions of order I. In conventional accelerators the corresponding dimensions are of the order of centimeters.
When ~ is in the visible range, the r~sultant reduction of typical dimensions is of order I0 .
4.
The cylindrical geometry is very favourable (as opposed to, say, a planar geometry, as near a plane grating) because, first, it focusses in two dimensions (not just one). In particular, beam stability along both the x and y directions is easily achieved. Second, ~he cylindrical Bessel functions are well known, many results are immediate.
5.
Once a suitable template is available, another one can be produced by simply copying the first one. If % is not too small, the copying can be done by photographic techniques. (That will produce twin images, but they will generally not impair the operation of the accelerator.) Of course~the accelerator contains other components besides the template (for example a laser. Also, perhaps mirrors, see below). Nevertheless, it is significant, that at least the most important element can be manufactured by photography.
In this sense one can say that if one has one template accelerator, one can produce a second one by simply photographing the first.
So far everything looks promising. Now let us look at the proposed template accelerator in more detail, as well as the difficulties one will encounter, and ways to overcome them.
OPTIM~IL FIELD DISTRIBUTION
What field distribution will best accelerate the particle?
Focus Field on a Spot
The highest field intensity can, naturally, be obtained when the radiation is focussed on the smallest possible area, i.e. an area whose diameter is of the order of %. Several people studied this possibility, and it was shown that if you can produce a stepfunctionlike field distribution, existing lasers could accelerate electrons to a few times 107 eV energy. I Actually, stepfunction like field distributions cannot be produced by a laser, so the energy attainable is much less. 2 But, in any case, is it a good idea to focus laser radiation on a small spot? I will now show that if the total energy output of the laser is limited (and it always is) and if you want the particle to gain the highest possible energy, then focusing on a small spot is not what you should do. Here is why:
Denote the kinetic energy gained by the particle by AK. It is proportional to Ell the accelerating field component along the particle trajectory, times the distance s over which the particle moves while the field is accelerating it:
The E, on the other hand, is proportional to the square root of U, the energy density in the electromagnetic field. The U itself is inversely proportional to the volume within which the radiated electromagnetic energy is distributed. Assume that this volume is roughly cylindrical, its length is %, while its cross section is A. Denote the total electromagnetic energy radiated by the laser by ~. Then one can write so that Clearly, to get large AK, one should increase s i.e. spread out the radiation along a llne instead of focusing it on a spot.
(Of course, s can not be made arbitrarily large, because the coherence length of the radiation is finite, and repeated optical manipulation will gradually degrade beam quality.) Also, the radiation should be concentrated in a narrow cylinder (i.e. reduce A). It is now clear why the cylindrical template is so well suited to our problem:
it concentrates the radiation near the cylinder axis, while spreading it out along the same axis.
Focus Cylindrically on a Line
Try to imagine, for a moment, the accelerating field as a superposition of plane wave Fourier components.
Inside the template cylinder, near the particle trajectory, there is no medium (except perhaps mirrors . Those will be discussed later.) All electromagnetic plane waves travel in vacu~ with velocity c. That is, the phase c velocity for any plane wave along any straight llne c. = ~ > c , where the = sign holds only when the straight line is~par~e~ to the direction of wave propagation (8 = 0), as is clear from Fig. 3 . The particle to be accelerated, of course, always travels with velocity v < c along the cylinder axis. Therefore, any Fourier component travels faster than the particle.
Sooner or later, the electromagnetic force exerted on the particle by any particular Fourier component will switch sign. If originally it accelerated the particle, then after a while it will decelerate it. One Fourier component may still accelerate, while others are already decelerating. To prevent net deceleration of the particle, the cylindrical vol~e surrounded by the template can be divided into sections by circular mirrors, whose plane is perpendicular to the cylinder axis (Fig. 2b) . A hole is drilled in the center of each mirror, to allow the accelerated particles to pass. The radius of these holes is sufficiently small to insure that only little radiation will leak thorugh them from one section to the next.
(That little bit does not matter.)
The radiation reflected from the mirrors will set up a standing wave pattern in each section.
The most general electromagnetic field pattern can be easily written down once the boundary conditions are given. Let us assume that we want to use mirrors as explained above.
For simplicity, let us also assume that all mirrors are perfectly reflecting, and are plane. Here I will not write down the most general field, but consider only cylindrically symmetric configurations.
(This restriction is not necessary, the most general configuration was given in Ref.
3). The result is displayed in Fig. 4 . if the total energy of the electromagnetic field is given, then how should we choose the coefficients c k in the formulae given in Fig. 4 ,such that the particle acquires the most kinetic energy, AK, while crossing one section of the accelerator.
Of course, we already know that it would be wrong to focus the radiation near one spot; one should spread it out along the axis. But exactly how?
The obvious answer is: concentrate all available energy in a single wave, namely that one, which oscillates as exp(ikz) as a function of z, where k is chosen just right. How to choose this k? So that the phase of this wave at the position of the accelerated particle should shift by ( ~ as the particle moves from one end of the section to the other end. The reason is, that for such a k, the acceleration need not turn into deceleration at any time.
If the particle is relativistic, its velocity v ~ c will hardly change while moving the distance2L s from one end of the section to the other end. The shift in phase can then be written quite simply:
Now remember that we want as much acceleration as possible, i.e. as much longitudinal electric field as we possibl[ can have. For given IEI, the longitudinal component is given by IEI sin O which is larger for larger O (<~). So it is obvious that we want the largest O consistent with our condition Ar ( 7. Since
cr c we want the smallest k for which Ar < 7, i.e., we choose This result is intuitively obvious. Nevertheless, thls apparently obvious result is quite wrong.
You may find the correct result surprising.
To derive it, first of all one has to write down AK, the kinetic energy gained by the accelerated particle for a given field distribution, then vary the field and flnd that one for which AK is maximum, subject to the condition that the total field energy In the template is constant.
The correct answer:
The total field energy, e, inside a cylindrical template section 2Lslong ~nd with radius R, Is the integral of the field energy density n ffi i__ (E 2 + B 2) over the cylinder volume.
In the limit R >># the~esult is particularly simple:
Next, we write down the kinetic energy gained by the accelerated particle, AK. For purposes of thls discusslon,let me consider the simple case when the particle trajectory is a straight line along the cylinder axis, which is the z axis. Assume that the particle Is relativistic, its velocity remains essentially constant over the distance 2L~i.e. v = v o. The electric field component along z is Ez, it can be found from Fig. 4 , so that for a particle of charge q, 
Equation (6) demonstrates that the "intuitively obvious" solution is quite wrong.
Indeed, the c k is not like a delta function ~k,~' rather, the c k is quite broad as a function of k. (This is analogous, for example, to a linear accelerator which would work best when a multitude of simultaneous modes is generated in each accelerating cavity).
On the other hand, it is clear from Eq. (7) that the largest contribution to AK comes from that Fourier-Bessel field component, for which k is such that AI is the smallest, i.e. from that wave which moves most with the particle.
That is in agreement with common intuition.
The improvement which can be achieved by choosing c k correctly, is far from trivial.
A factor of I0 or more in effective acceleration is quite realistic.
That corresponds to an effective reduction of required laser power (while still achieving the same particle acceleration) by a factor of i00 or more.
MIRRORS -HOW TO PROTECT THEM FROM RADIATION DAMAGE
As I mentioned a little while ago, any electromagnetic wave in vacuum (e.g. near the particle trajectory) will sooner or later overtake the particle.
If it originally accelerated the particle, then after a while it will start to decelerate it. To avoid such deceleration, one has to intervene somehow and change the phase of the wave relative to the particle.
One way to achieve that, is to intercept the wave before it would start to decelerate, by placing a mirror in its way. The plane of the mirror may be chosen to be perpendicular to the particle trajectory.
Behind the mirror another wave takes over, its phase is so chosen that it will continue to accelerate the particle until the next mirror is reached,beyond which yet another wave will take over, etc. A small hole is drilled at the center of each mirror, which will allow the accelerated particles to pass through the mirror, while reflecting most of the electromagnetic wave.
(One can think of an alternative method: allow the particle to interact with an appropriately chosen electromagnetic field which will temporarily displace the particle.
I will come to this possibility later.)
If one intends to use mirrors in the manner Just described, an important problem has to be faced:
The mirror will be exposed to the electromagnetic fields which accelerate the particles.
Near the cylinder axis these fields are, of course, very intense, and could cause damage to the mirrors.
Damage due to electromagnetic radiation is primarily the result of two distinct mechanisms.
The first mechanism is caused by the electric field near the mirror surface:
electrons are pulled out of the material, and form a dilute plasma which may cover the surface. When the electromagnetic wave is exactly or almost normally incident, the electric field is exactly or almost parallel to the surface: this mechanism is unimportant.
At any rate, the phenomenon is reversible: when the fields are reduced or reversed, the electrons re-enter the material.
Furthermore, such a plasma film covering the mirror is mostly harmless, because a plasma, even if dense, is also a mirror, so that in effect it at most causes only a change in effective mirror thickness.
The second mechanism is the result of Joule heating.
As the electromagnetic wave is reflected by a metal, electron currents are set up near the surface which will heat, melt or even evaporate the material.
The damage is irreversible. For our purposes, this second mechanism is the more devastating one.
I will now describe a method which can be used to reduce heat damage to a mirror.
The idea is simple: Let not only one wave be incident on the mirror, but two waves, one from each side of a thin metal film.
Choose the phases of the waves such that the two fields tend to cancel inside the mirror.
That will, in turn, reduce the electric currents flowing, and therefore, the Joule heat produced. In other words, I will show that if one incident electromagnetic wave burns up a thin mirror, then shining an appropriately chosen second wave of approximately equal intensity on the other side of the same mirror will not only not cause it to burn up twice as fast, but can be so chosen as to prevent heat damage to the mirror altogether, even if both wave intensities are then increased, under certain circumstances by several orders of magnitude.
Since this is a review talk, I am sure you do not want to look at complicated formulae.
Therefore, I will explain the basic idea for the simple case of a scalar field incident on a mirror.
The mathematics which describes this case is quite transparent.
At the end I will show how to derive from these the more complicated formulae which apply to the electromagnetic field (mass zero vector field). Figure 5 shows a potential barler. For z < -a/2, the wave has wavelength (along z) I I = 2w/Pl ; inside the barrier, i.e. for -a/2 < z < a/2, It has wavelength X 2 = 2~/P2; while for z > a/2, the wavelength is X3 = 2~/P3" At both boundaries of the barrier the wave and its derivative have to be continuous. These'boundary conditions allow one to express, for example A 2 and B 2 in terms of A I and B I as follows:
We wlll be interested in the case when
In that case, using Eqs. (8a), and a similar set which is valid at the boundary at z = a/2, one obtains Note that P1 and P2 may be complex. Indeed we will be especially interested in the case when the imaginary part of P2 is non-zero; that term will be responsible for energy absortlon in the barrier. The energy flowing into the barrier from the left is proportional to IA112, while that from the right is proportional to IB31 9 Similarly, t~e energy flowing out of the barrier is proportional to IB112 and IA31 z. The net energy flow into the barrier is, therefore, proportional to 
Substituting Eqs. (13a), (13b) and (14) in Eq. (12), one can expres F in terms of lul, n and ~. I will write down here the result which is valid in the special case of interest to us, namely when the imaginary and real parts of PI and P2 satisfy:
In particular, the second of Eqs. (15) holds to a very good approximation when the barrier is an energy absorbing "good conductor", and the first of Eqs. (15) holds when the barrier is located in vacuum. In this special case one finds
F = !u{ 2 8 ~ ]cxl {[ch(e + 2rl)]sh e + [cos(e + 2 ~)]sin e} (16) 11 -~l 2
where we defined e = a Re P2 "
The quantities e and ~ are determined by the height and width of the barrier. Once the barrier is given, the e and a are determined. The quantities lul, q and ~ characterize the wave.
We want to find that wave, for which the energy flow into any given barrier is smallest. Therefore, we vary q and ~ and determine those ~ and ~ values for which F is a minimum. [ ch~ -= sh,~J
, v=+i 2u
In the definition of v, the upper and lower sign holds depending on whether the upper or lower sign is chosen in Eq. (17a).
Let us study Eqs. (16) and (17). Equation (16) shows that the energy deposited in the barrier layer is generally proportional to e, whenever e << i. This is not surprising. For small e the barrier thickness is small compared to the skin depth, so that ."surface currents" fill the whole volume. Therefore, the Joule heat produced is proportional to the volume, i.e. e On the other hand, Eqs. (17) say that one can arrange A I and B I so, that a special wave cancellation occurs inside the barrier, and reduces the energy absorption there. Indeed, by choosing n and ~ appropriately, one can insure that In t~e expression for F, not only the coefficient of e, but also ~hat of vanish, so that the leading term will be proportional to e =, which results in a total reduction of absorbed energy by a factor (I/6)~ The physical interpretation of this phenomenon is illustrated in Fig. 6 . The waves ~i and ~3 are arranged such that they cancel exactly at the center of the barrier. Elsewhere inside the barrier they cannot cancel, because the absolute value of one of them increases with increasing z, while the other decreases. In the first approximation, the difference between them at the edges is proportional to the barrier width. The current in the barrier is proportional to thls difference, the joule heat energy absorbed per volume element is proportional to its square, therefore, ~he total absorbed energy flux is proportional to its cube, i.e. to e ~.
Remember, a metal mirror is a good reflector even when e << i, becauselal<< I. In other words, there will be only little radiation leaking through the mirror even for c << i (as long as the atoms behaxe as they do inside a bulk metal, i.e. as long as e is of order
Field cancellation inside a potential barrier reduces Joule heating. This is a very interesting result.
But,by itself, it does not help us much. We are interested not only in the energy deposited, but also in the shift between the phase of the waves on both sides of the barrier.
From Eq. (18) 
Ii -~l 2 +
Clearly, if Idn + id~l ~ ~/3, one has dF ~ Fmi n, so that F at most doubles its value compared to what it is at Fmi n. On the other hand, the difference between waves is multiplied by a factor d(q + i~)/~, which can be large, since one can have a = 10 -2 in the visible range for electromagnetic waves, and several orders smaller for microwaves.
Therefore, a very large gain in phase shift can be so obtained, at the price of hardly any change in the energy absorbed by the barrier.
Electromagnetic Waves
Electromagnetic waves at the boundary between two media have to satisfy certain boundary conditions. The notation is illustrated in Fig. 7 . In the electromagnetic wave incident from the left, the oscillating electric field has an amplitude E 1 , while in the wave moving away from the boundary toward the left, the amplitude is Elf (r for "reflected"). The angle of incidence is 0 I. In the medium to the left of the boundary, the wave number is k I and the magnetic permeability is PI" To the right of the boundary, the corresponding quantities are E 2 (for the wave moving toward the boundary), E2r, ~, and P2" kl ~z Fig. 7 Ezr Electromagnetic waves at the plane boundary of two media. In the first medium the wave number is kl, and the magnetic susceptibility is p . The ~ and P2 refer to the second medium, i
The waves have to satisfy the well known conditions at the boundary: These same substitutions will take $I and $2 into waves which will describe the propagation of electromagnetic waves along z. Therefore, with these very same substitutions we can transform conditions (16) - (20) into expressions which are applicable when the waves under study are electromagnetic.
In this manner we conclude that when electromagnetic radiation is incident from both sides of a film of good conductor, the sne~gy absorbtlon per unit surface can be reduced by a factor of ~ e ~ (where e/is essentially proportional to the pahse change of the wave while passing through the conductor), provided ~hat the amplitude and phase of the second wave relative to the first one are correctly chosen.
Furthermore, one can increase the relative phase by a factor of order e/u without changing the order of magnitude of the energy absorption. Figure 2c shows the design principle for a laser template accelerator in which no mirrors are used. Now there is no material object anywhere near the particle trajectory, so that the fields can reach any intensity without destruction.
ELIMINATE MIRRORS (USE WAVES INSTEAD)
Instead of mirrors, the particle periodically encounters intense electromagnetic waves.
These waves will first accelerate the particle in some direciton, then (as always happens when a wave interacts with a particle in vacuum if reradiation is negligible) overtakes it and decelerates it again.
The net acceleration is zero. But the net displacement is not, and we choose it to be just large enough to remove the particle from the axis to avoid deceleration by the main accelerating electromagnetic field (i.e. the one which will accelerate the particle along the axis). After an appropriate time interval,a second wave moves the particle back to the axis Just as the main wave is ready to accelerate it again. The displacing waves, of course, can be generated by the same template which generates the main accelerating field.
I am unable to report to you here complete details on how this device will work, because a computer calculation is still in progress.
Nevertheless, one can easily see that in principle it will work.
Indeed, if the extra waves (drawn as wiggly arrows in Fig. 2c ) are very intense compared to the main accelerating field (which accelerates the particles along z), then while an intense wave is acting on the particle, the trajectory will be approximately that which would be generated by that intense wave alone.
That trajectory can be calculated and one finds that, typically, a displacement of the particle by some chosen distance, Ar, from the z axis can be accomplished with a given wave intensity during a time, 6t % y2. After the intense wave is turned off, the particle moves in the main accelerating field alone, and its motion can again be easily calculated analytically.
Thus, at least in this special case, the trajectory can be calculated to arbitrary accuracy and the device can be shown to work.
Another special case of interest is one which can be integrated directly: the intense wave travels opposite to the particle.
Again, it is clear that the device will work in principle.
By contrast, the more general cases can usually not be solved analytically.
One will have to await the results of computer calculations for these more general cases.
RESONANCE (R), RTL ACCELERATOR
One can use a resonance phenomenon to increase the field intensity in the accelerator.
The resultant Resonance Laser Template (RLT) Accelerator is schematically shown in Fig. 8a . The inside of the template is covered by a partially reflecting layer, which transmlts only a fraction, f, of the incoming radiation.
The radius R is approximatley an integer times Ar, and also Ao, which allows the field to resonate inside this layer. The phenomenon can again be understood by considering a scalar field interacting with a pair of potential barriers.
Each barrier has a transfer matrix as given in Eq. (8). If both barriers are equal, then both have the same transfer matrix.
The solution is sketched in Fig. 8b . The field intensity just inside the resonator will be /-~ times that what it is Just outside it (f can be 102 or more).
This design will help, if the laser puts out long pulses:
what the device really does is a form of "photon stacking" inside the resonator.
DOUBLE RESONANCE (R2), R2LT ACCELERATOR
One can further increase the accelerating fields, using a second resonance phenomenon.
The design is outlines in Fig. 9 . Along a line, slightly off the z axis, a regular sequence of small objects (as e.g. in a grating) is placed.
The intense electric field near the axis will oscillate the electrons in these pieces of material.
If the electric feld points, say, downward, then the electron cloud is accelerated upward, some of the electrons leave the object, as a result, the object becomes somewht positively charged.
The charge tends to pull the electrons backward, so an oscillation is set up. If the frequency of the oscillating electric field and the frequency of the electron oscillation are in resonance, the electron oscillation amplitude can grow somewhat (but not too much because it is soon destroyed) and the momentary net charge of the small objects will increase.
If, further, the accelerating particles are timed to arrive in the vicinity of the object Just when the net electrostatic field of the object is able to accelerate the particles, a very powerful accelerator would result. The small objects would, of course be burned up after each shot of laser power. But while burning up, the acceleration would take place. I am unable to go into great detail now, because this m Itself is a large subject, and, at any rate, we have not finished our calculations yet. 4 Nevertheless, I feel that this is an interesting enough possibility, to call it to your attention.
I do not want to go on record quoting numbrs, but we have some preliminary results, if you are interested, I can show them to you privately. 
